In the last 15 years, advancements in molecular biology have unraveled the proteins that function as taste receptors. There are at least five taste qualities that are consciously perceived, sweet, sour, salty, bitter, and umami. Of these five, sour and salty are mediated by ion channels, whereas the perception of sweet, umami, and bitter tastes is mediated by G protein-coupled receptors (GPCRs). These taste GPCRs belong to the TAS1R and TAS2R gene families. There are other nutrient-binding GPCRs whose taste function is still being studied such as CaSR, GPRC6A, GPR92, or GPR120. It has been suspected for more than a century that the gut can sense the chemical composition of foods. The description of multiple taste GPCRs in gastrointestinal (GI) cells suggests that there are nutrient-sensing mechanisms in the GI tract, oral, gastric, and intestinal mucosa. Oral sensing seems to mainly influence food discrimination and nutrient appetite, while post-oral chemosensors may relate to nutrient utilization and inhibition of appetite. The most common accepted view is that taste GPCRs are present in enteroendocrine cells among others also known as chemosensory cells. These cells express taste receptors and other taste-related genes. Although, functional cells of the GI mucosa that are not enteroendocrine or brush cells such as enterocytes or gastric cells may also hold receptive mechanisms that transduce the presence of certain nutrients in ingested foods and regulate gastric functions. This paper examines the importance of food chemical signals in their association with the neuroendocrine mechanisms they trigger, which are the core for metabolism and appetite regulation.
Introduction
Sugars, organic acids, minerals, alkaloids, or amino acids in foods bind to their corresponding taste receptors acting themselves as chemical messengers and inducing one of the known five taste qualities, sweet, sour, salty, bitter, and umami or savory taste, the taste of glutamate [1] . This interaction between single nutrients and taste receptors serves three basic purposes, to identify and discriminate foods and drinks, to promote or discourage ingestion, and to facilitate nutrient utilization by learned anticipatory or cephalic phase responses [2] . In his latest review, Alexander Bachmanov et al. describe taste receptors 'as one of the interfaces between internal and external milieus' [1] . Indeed, taste receptors appear to inform the brain of the chemical composition of foods and in turn, the brain responds accordingly with learned anticipatory responses to maintain body homeostasis prior to nutrient absorption [3] . Anticipatory responses that involved brain reflexes after sensory stimulation reduce the impact of food in our body. If taste receptors in the oral cavity are part of the conscious perception of the chemical composition of foods, it is not surprising that the same taste receptors from the oral cavity are also found in the gastrointestinal tract (GI). There, taste receptors also sense the chemical milieu of the luminal contents. But in the gut, the function of taste receptors is not to identify foods, rather to transduce the nutrient signal into neuropeptide hormones, vagus nerve activation, and nutrient utilization, all important modulators of digestive processes, appetite, and metabolism [4, 5] .
Taste, flavor, and gut chemical sensing Newborn infants have a strong innate liking for sweet and umami tastes while manifesting aversion for bitterness [5] . These inborn responses may predispose the infants for the acceptance of sweet and umami taste compounds present in breast milk [6, 7] . It is not until they experience the volatile components of the flavor that infants learn to prefer or reject certain foods [8] . This learning process for flavor preference consists on classic Pavlovian conditioning reflexes from the post-oral nutritional effects of foods [3, 9] . Flavor allows us to learn the association between foods and their metabolic and physiological outcome. This is especially important in human adults because we consumed a varied diet. By learning the relationship between the sensorial attributes of foods and their post-oral outcome, the brain can predict the physiological and metabolic impact that specific meals may have in our body [9] . The cephalic phase insulin release (CPIR) after glucose ingestion or the induction of salivary, gastric, and pancreatic secretions in response to a meal are good examples of conditioned physiological responses [3] . In fact, oral ingestion of glucose generates higher insulin release than a similar amount of glucose directly injected intravenously [10, 11] . The higher insulin secretion after glucose ingestion most likely results from the strengthening of CPIR with the stimulation of sweet receptors in gut enteroendocrine cells that further enhance blood insulin via incretin hormones such as glucagon-like peptide 1 (GLP-1). The effect of glucose binding to sweet receptors in the gut goes as far as to increase the number of glucose transporters in enterocytes [12] . This oral and post-oral stimulation by glucose illustrates clearly that intestinal signals reinforce taste information allowing for more efficient physiological responses to meals in accordance to their chemical composition.
Overview of taste receptors
In the last decade, taste physiologists, geneticists, and molecular biologists have discovered that receptors for sweet, umami, and bitter tastes are members of the G protein-coupled receptor (GPCR) proteins [1] . Sweet and umami receptors belong to the T1R family, whereas bitter receptors are part of the T2R family [13, 14] . The family of T1Rs is included in the class C group of protein (metabotropic glutamate/pheromone) receptors with three proteins, T1R1, T1R2, and T1R3. In humans, the combination of T1R2 with T1R3 functions as a sweet receptor. Many varied compounds taste sweet to humans, from sugar alcohols and glycosides to amino acids and proteins [1, 15, 16] . Receptors for umami result from the combination of T1R1 and T1R3, T1R3 being common for sweet and umami taste [1, 13, 16] . Compounds with a strong umami taste to humans comprise L-amino acids, such as glutamate and aspartate, and 5′-ribonucleotides [15] . Other substances with weaker umami attributes are theogallin, theanine, ibotenic, tricholomic, succinic, and gallic acids besides several peptides [1] . There is also evidence for considering as umami receptors splicing variants of metabotropic glutamate receptors types 1 and 4 (mGluR4 and mGluR1), which belong to the same family of T1Rs, and the N-methyl-D-aspartate (NMDA) glutamate ion channel receptor [1, 17, 18] . The perception of bitter taste that arouses innate aversive behavior includes a large variety of compounds, mostly toxic chemicals from plants or microorganisms. Bitter taste receptors belong to the T2Rs (taste receptor type 2) of the class A of GPCR family (rhodopsin like). Humans exhibit 25 TAS2R bitterreceptor genes among which 20 receptors have been already de-orphanized by using heterologous in vitro cell systems [19] . Some of these receptors are specific to a single or a few bitter compounds, whereas others are tuned to a wide variety of chemical compounds. For salty taste, after many years of conjecture, the epithelial sodium channel (ENaC) was proved to be responsible for the transduction of salty taste, considering sodium chloride and lithium chloride the exemplary salty compounds [20] . Because ENaC functions as a sodium transepithelial transporter in many tissues such as the kidney or the lungs, this ion channel is expressed in many epithelial tissues. Thus, its simple existence in the GI does not help to consider the taste-like function of sodium salts throughout the alimentary canal and this is the reason for there being no studies on salt sensing in the GI. About sour taste, although a number of contenders have been suggested as sour taste receptors, they are still being disputed [1, 19] . Finally, there are other GPCR nutrient receptors that, although have been described in the taste tissue, their taste-specific qualities are still under investigation. They are receptors that can bind to a wide variety of amino acids such as the extracellular calcium-sensing receptor (CaSR), which has been linked to kokumi substances, calcium, and large aromatic amino acids, the GPCR family C subtype 6A (GPCR6A) that binds to basic amino acids, or the G protein-coupled protein 92 (GPR92) that binds to peptone and may be also involved in the perception of umami taste [4, [21] [22] [23] . Interestingly, in GI cells, these receptors have been associated with the regulation of gastric secretion, control of satiation, and GI motility [4, 24] . There are other nutrient receptors that have been described in oral and post-oral tissues such as the G proteincoupled receptor 120 (GPR120) and the free fatty acid receptors 1, 2, and 3 (FFAR1, FFAR2, FFAR3). GPR120 and FFARs bind to free fatty acids of different lengths. GPR120 and FFAR1 (a.k.a., GPR 40) have been considered candidates for the oro-sensory perception of fats [25] .
The significance of gut sensing via taste receptors
Chemical sensing in the gut was first proposed in the 19th century by the Nobel price physiologist Ivan Pavlov through his nerve antenna theory in which he assumed that nerve endings were exposed to the chemical milieu of the luminal content [11, 26] . Later on, Bayliss and Starling in 1902 observed that by applying protons at the duodenum, there was a robust secretion of pancreatic secretions and the response was not mediated by nerves but rather by a secreted compound [27] . This compound was named 'secretin' and later designated as a hormone. As such, secretin is an emissary that carries chemical information to the predetermined target through the blood. With time, it became clear that intestinal nerves did not project to the surface of the intestine, and the intestinal sensor cell theory arose in the 1970s due to Fujita and Kobayashi [28] . They suggested the presence of bipolar nutrient-sensing cells. These cells can interact with nutrients at the lumen thanks to having projections toward the surface of the stomach and intestine [29] . The view that is most accepted today considers that taste GPCRs are present in 'open' enteroendocrine and brush cells also known as chemosensory cells. The enteroendocrine cells are the ones that dispatch nutrient information via peptide hormones and bioactive amines to the corresponding organs either via endocrine or vagal pathways as shown in Figure 1 [11, 26] . The binding of single amino acids such as L-glutamate, L-phenylalanine, L-tryptophan, L-arginine, or L-lysine to their corresponding GPCRs (T1Rs, mGluR1, CaSR, or GPRC6A) in the stomach regulates the secretion of gastric hormones such as serotonin, gastrin, somatostatin, and ghrelin, the only known hormone that enhances hunger [4, 30, 31] . In rats and dogs, glutamate in the stomach activates the nerve endings of the vagus nerve via serotonin and nitric oxide, which in turn enhances gastric secretion also through vagus nerve responses [32, 33] . Vagal efferent fibers, the ones carrying information from the brain, release acetylcholine upon stimulation. This vagal neurotransmitter is a potent activator of the proton pump of parietal cells, the cells in charge of producing hydrochloric acid that is under the regulation of gastrin and somatostatin [24, 34] . In the duodenum, long-chain fatty acids, peptides, amino acids, and bitter compounds can induce the release of cholecystokinin (CCK) from I cells. Glucagon-like peptide 1 (GLP-1) is secreted from L cells in the ileum with sugars, longchain fatty acids, amino acids, and also bitter compounds; whereas the di-peptide tyrosine-tyrosine (PYY) comes from the colon as a result of short-chain fatty acids [4] . These regulatory GI hormones can signal nutrient information to the brain because the projections of the vagus nerve that lie underneath the lining of the GI contain receptors for serotonin, CCK, GLP-1, and PYY (Figure 1 ) [11] . In the brain, centers such as the arcuate nucleolus of the hypothalamus or the limbic system integrate nutrient information to regulate food intake, body metabolism, and the reward system.
Conclusion and perspectives
With the mounting body of evidence for the function of nutrient receptors in oral, gastric, and intestinal lining as mediators of food signals, it is becoming clearer that food components hold information that goes beyond their caloric values. Single sugars, amino acids, or even free fatty acids are not only a fast source of energy because they do not require digestion but also they provide strong signals from receptors in the mouth and the stomach before digestion with pancreatic juices. Foods that Figure 1 Schematic representation of the taste and gastrointestinal (GI) input. Schematic representation of the taste and gastrointestinal (GI) input to the brain from the gustatory and vagus nerves, respectively. The gustatory system is represented by taste cells in onion-like taste buds and their gustatory nerves. Corresponding to the GI system, there are two enteroendocrine cells (EEC), one that is open to the lumenreleasing cholecystokinin (CCK) and glucagon-like peptide 1 (GLP-1) in response to luminal nutrients and one that is closed. Vagal fibers are located underneath the GI mucosa in close contact with hormone secretions. The signals from the gustatory system reach the rostral nucleus of the solitary tract whereas visceral impulses terminate at the caudal nucleus of the solitary tract. From the nucleus of the solitary tract, gustatory and visceral information projects to several brain regions including the amygdala, the hypothalamus, and the ventral posterior nucleus of the thalamus. These regions are involved with ingestive motivation, physiological reflexes, and energy homeostasis.
are rich in free nutrients, such as either soup stocks or cured and fermented or aged meats and cheeses, offer clear gustatory and odorant cues. Having sharp taste and odorant sensorial experiences allows for more robust information to the brain, stronger learned anticipatory responses, and a better handling of nutrients in the body. This could be a key factor for a more efficient food intake regulation, which is a key to avoid overeating and overweight. More research is necessary for a better understanding of the integration of taste and visceral signals. This line of research may help better weight management in overweight adults and other metabolic diseases related to nutrient homeostasis in the body.
